Taxonomic and phylogenetic relationships of Streptococcus mitis and Streptococcus oralis have been difficult to establish biochemically and genetically. We used core-genome analyses of S. mitis and S. oralis, as well as the closely related species Streptococcus pneumoniae and Streptococcus parasanguinis, to clarify the phylogenetic relationships between S. mitis and S. oralis, as well as within subclades of S. oralis. All S. mitis (n ¼ 67), S. oralis (n ¼ 89), S. parasanguinis (n ¼ 27), and 27 S. pneumoniae genome assemblies were downloaded from NCBI and reannotated. All genes were delineated into homologous clusters and maximum-likelihood phylogenies built from putatively nonrecombinant core gene sets. Population structure was determined using Bayesian genome clustering, and patristic distance was calculated between populations. Population-specific gene content was assessed using a phylogenetic-based genome-wide association approach. Streptococcus mitis and S. oralis formed distinct clades, but species mixing suggests taxonomic misassignment. Patristic distance between populations suggests that S. oralis subsp. dentisani is a distinct species, whereas S. oralis subsp. tigurinus and subsp. oralis are supported as subspecies, and that S. mitis comprises two subspecies. None of the genes within the pan-genomes of S. mitis and S. oralis could be statistically correlated with either, and the dispensable genomes showed extensive variation among isolates. These are likely important factors contributing to established overlap in biochemical characteristics for these taxa. Based on core-genome analysis, the substructure of S. oralis and S. mitis should be redefined, and species assignments within S. oralis and S. mitis should be made based on whole-genome analysis to be robust to misassignment.
Introduction
The mitis group of streptococci comprises human-associated Streptococcus species, many of which are associated with good health, but may be opportunistic pathogens. Three closely related species of interest in this group are Streptococcus mitis and Streptococcus oralis, which are found in oral biofilms and occasionally cause systemic infections (Whatmore et al. 2000; Ip et al. 2006) , and the well-known respiratory pathogen Streptococcus pneumoniae. The phylogenetic relationships of these three species have been historically difficult to distinguish, both biochemically and genetically (Kawamura et al. 1995; Kikuchi et al. 1995; Whatmore et al. 2000; Ip et al. 2006) , despite a variety of methods applied to doing so. Determining the phylogenetic relationship between these species is important for establishing robust tests for clinical identification (Whatmore et al. 2000) , understanding how host-associated Streptococcus species evolve (Lef ebure and Stanhope 2007), and for appropriate identification from host-associated metagenome samples (Dadi et al. 2017) .
Characterizing the species of mitis group streptococcal isolates is difficult, and the species have undergone several taxonomic changes. Isolates of S. mitis, S. oralis, and S. pneumoniae show phenotypic variation that makes identification of universal species-specific biochemical characteristics unlikely (Kikuchi et al. 1995; Whiley and Hardie 2009 ).
Multilocus sequence typing (MLST) and 16S rRNA gene similarity are popular methods to identify isolates, but the two methods are not always consistent (Bishop et al. 2009; Camelo-Castillo et al. 2014; . The 16S rRNA gene is particularly limited in its ability to resolve species of S. mitis, S. oralis, and S. pneumoniae, because the three species share >99% sequence homology (Kawamura et al. 1995) . Additionally, Streptococcus are naturally competent, and genetic recombination and horizontal gene transfer between species may confuse taxonomic placement and phylogenetic inference (Chi et al. 2007 ), particularly as genes used for MLST studies and the 16S rRNA gene may undergo recombination, which is not always accounted for in MLST or 16S rRNA gene phylogenies. Based on a recent restructuring of the mitis Streptococcus species, S. mitis is recognized as a homogeneous species, whereas S. oralis has three subspecies, namely dentisani, oralis, and tigurinus . Initial descriptions of both S. oralis subsp. dentisani and S. oralis subsp. tigurinus characterized these as independent species closely related to S. mitis and S. oralis (Zbinden et al. 2012; Camelo-Castillo et al. 2014) .
Restructuring of the mitis group's Streptococcus species used three approaches, MLST, 16S rRNA gene homology, and whole-genome analysis . However, the phylogenies of these three approaches show substantial mixing of species between the S. mitis and S. oralis clades, suggestive of taxonomic misassignment, and do not consider recombination. In addition, our core-genome phylogeny of low-passage clinical oral Streptococcus isolates (Velsko et al. 2018) showed no clear grouping of the S. mitis and S. oralis isolates within their clade (Velsko et al. 2018) , in contrast to the other species in the phylogeny, which formed distinct clades. The lack of clarity in species assignments and phylogenetic relationships between S. mitis and S. oralis, as well as the inability of the popular metagenomic profiler MetaPhlAn2 (Segata et al. 2012; Truong et al. 2015) to distinguish between S. mitis/oralis/pneumoniae, led us to take a whole genome-centered approach to clarify the phylogenetic relationship between these species. We demonstrate that coregenome analysis that accounts for recombination is a preferred method of classifying S. mitis and S. oralis species.
Materials and Methods
Isolate Selection, Genome Annotation, and Clustering All GenBank S. mitis, S. oralis, Streptococcus parasanguinis, and S. pneumoniae genome assemblies were downloaded from NCBI in May 2018. Streptococcus parasanguinis was used as an outgroup in our analyses, selected because it is the most phylogenetically distant mitis group species from S. oralis, S. mitis, and S. pneumonia (Richards et al. 2014) . Twenty-seven S. pneumoniae genomes were randomly selected for inclusion in the study to match the number of S. parasanguinis genomes. An additional 22 S. mitis and 10 S. oralis assemblies, previously annotated with Prokka (Seemann 2014) , were included (Velsko et al. 2018) . All genomes used in this study are listed in supplementary table S1, Supplementary Material online. For consistency, the GenBank genomes were reannotated using Prokka (Seemann 2014) , using a custom Streptococcus database, and the same settings as in Velsko et al. (2018) .
Homologous gene clustering was done twice, first using only S. oralis and S. mitis genomes, then again using all S. mitis and S. oralis genomes as well as the 27 S. pneumoniae and S. parasanguinis genomes. Prokka-annotated amino acid fasta files were concatenated into one file, and built into a BLAST database, and then the concatenated file was searched against this database using an all-versus-all BLAST with Evalue cut-off of 1e-5 and 10,000 maximum target sequences. Homologous genes among all genomes were delineated using the MCL algorithm (Broh ee and van Helden 2006) as implemented in the MCLBLASTLINE pipeline (available at http://micans.org/mcl). The pipeline used Markov clustering (MCL) to assign genes to homologous clusters based on an all-versus-all BLASTP search between all pairs of protein sequences using an E-value cut-off of 1e-5. The MCL algorithm was implemented using an inflation parameter of 1.8. Simulations have shown this value to be generally robust to false positives and negatives (Dongen 2000) .
Phylogenomics
A core genome of single-copy genes present in S. mitis and S. oralis, as well as in S. mitis, S. oralis, S. pneumoniae, and S. parasanguinis, was determined from the MCL clustering. A total of 180 single-copy core gene clusters were identified in S. mitis and S. oralis, whereas a total of 141 single-copy core gene clusters were identified in S. mitis, S. oralis, S. pneumoniae, and S. parasanguinis. The single-copy core gene clusters for each of the two groups were aligned using Probalign (Roshan and Livesay 2006) and checked for recombination using PhiPack (Bruen et al. 2006) . Genes identified as recombinant by Phi were removed from the core gene groups. The remaining putatively nonrecombinant single-copy core gene alignments (76 in S. mitis and S. oralis, and 81 in S. mitis, S. oralis, S. pneumoniae, and S. parasanguinis) were concatenated and the concatenated alignments were used to build a core phylogeny using phyML v. 3.0 (Guindon et al. 2003) with the GTRþG substitution model. Bootstrap support was provided by generating 500 bootstrap replicates using RAxML (Stamatakis 2014) .
Then, a phylogeny based on the consensus of the separate phylogenies for each gene (gene trees) in the putatively nonrecombinant core gene set was constructed using the Triple Construction Method as implemented in the program Triplec (Ewing et al. 2008 ) (10,000 iterations). All gene phylogenies were built using phyML v. 3.0 with the GTRþG substitution model. All phylogenies were graphed using the R package ggtree (Yu et al. 2017 ).
Population Delineation and Admixture Analysis BAPS v 6 (Corander et al. 2003) was used to determine the number of genetically distinct clusters (populations) in the S. mitis/S. oralis phylogeny and in the S. mitis/S. oralis/S. pneumoniae phylogeny. Using the concatenated core gene alignments, patristic distance among populations was calculated using p-distance neighbor-joining phylogenies generated using PAUP (Swofford 2002) . Population distances were calculated using the average pairwise distances among isolates in each population. For these calculations, S. parasanguinis isolates were removed from the alignments. To calculate the patristic distances in the S. mitis/S. oralis/S. pneumoniae phylogeny of BAPS populations that were present in the S. mitis/S. oralis phylogeny but not the S. mitis/S. oralis/S. pneumoniae phylogeny, we used the same isolates that were in the S. mitis/ S. oralis phylogeny BAPS populations. We additionally performed admixture analysis on our core-genome alignment using BAPS v 6, with the populations as defined by our BAPS clustering results. The admixture bar plots were generated in R with ggplot2 (Wickham 2016 ).
Assessment of Gene Content
Gene presence/absence matrices based on the MCL gene clusters for S. mitis/S. oralis, S. mitis/S. oralis/S. pneumoniae, and S. mitis/S. oralis/S. pneumoniae/S. parasanguinis were used to build gene content dendograms. Jaccard similarity matrices were calculated from the gene presence/absence matrices using the R package vegan (Oksanen et al. 2018) , and then neighbor-joining dendograms were generated from the distance matrices using the R package ape (Paradis et al. 2004) . Gene content dendograms and the gene presence/ absence matrix were plotted using the R package ggtree (Yu et al. 2017) .
We searched for gene clusters statistically significantly associated with either the species designations or the BAPS populations in our phylogenies using treeWAS (Collins and Didelot 2018) . Associations with each species or BAPS population were tested independently, with a binary metadata matrix having the species or BAPS population of interest as 1 and all other entries as 0.
16S rRNA Gene Phylogeny
All 16S rRNA gene sequences in the isolates we included in this study were identified by a BlastN search. An alignment of representative 16S rRNA gene sequences from S. oralis, S. mitis, S. parasanguinis, and S. pneumoniae was searched in Geneious (https://www.geneious.com) against a custom-built Streptococcus species database that included all RefSeq sequences we included in this study, and again against a custom-built database of Streptococcus species that we sequenced for Velsko et al. (2018) . All hits with >70% coverage from S. oralis, S. mitis, S. parasanguinis, and S. pneumoniae were extracted and aligned with MAFFT (Katoh et al. 2002) . For 18 isolates (11 S. mitis, 6 S. oralis, and 1 S. parasanguinis) a full 16S rRNA gene sequence could not be identified, but regions of the gene were identified on two or more contigs, and therefore these isolates were omitted from the phylogenetic analysis. Several isolates had multiple copies of the gene. A single representative copy for each isolate was selected using FABox (Villesen 2007) , realigned using MAFFT, and built into a phylogeny with PhyML v3.0 using the GTRþG substitution model.
Results

Core Phylogeny Supports Distinct Species and Subspecies
The phylogenetic relationships between S. mitis and S. oralis, as well as within S. oralis, are not well resolved, as was extensively demonstrated by . To investigate differences between S. mitis and S. oralis compared with well-established independent species, we built two unbiased phylogenies based on putatively nonrecombinant single-copy core genes. The first phylogeny contained S. mitis and S. oralis to investigate the relationship between and within these two species, and the second contained S. mitis/S. oralis/S. pneumoniae/S. parasanguinis. The branching patterns of both phylogenies formed two clades corresponding to current species designations, one including predominantly S. mitis, and the other including predominantly S. oralis and its subspecies ( fig. 1 ). Streptococcus pneumoniae formed a distinct clade more closely related to S. mitis than to S. oralis, and S. parasanguinis formed a distinct clade that was distant to all others. These branching patterns reflect the phylogenetic relationships previously described between these species (Richards et al. 2014) .
Within the S. oralis species clade (including all S. oralis isolates with and without a subspecies designation), the subspecies dentisani, tigurinus, and oralis do not form exclusive clades. Most S. oralis subsp. dentisani isolates are in a clade with a handful of S. oralis, S. oralis subsp. tigurinus, and S. mitis (referred to here as the S. oralis subsp. dentisani clade), whereas most S. oralis subsp. tigurinus isolates are in a single clade with several S. oralis (referred to here as the S. oralis subsp. tigurinus clade), and S. oralis subsp. oralis is mixed among S. oralis (referred to here as the S. oralis/S. oralis subsp. oralis clade). Fourteen S. mitis are within the S. oralis species clade, and three S. oralis subsp. dentisani are in the S. mitis clade, suggesting that these isolates have been misidentified. Supplementary table S1, Supplementary Material online, details the current species designation for all isolates we included, as well as our suggested corrected species designation (column titled Phylogeny-Based Species). One unusual isolate, categorized as S. oralis, did not cluster with any of the other isolates, and we found that the core genes from this isolate are closely matched to S. cristatus based on a BLAST search.
To delineate the populations found within the S. mitis/S. oralis phylogeny, we ran BAPS on the S. mitis/S. oralis core gene cluster alignment and on the S. mitis/S. oralis/S. pneumoniae core gene cluster alignment. The first gave us distinct populations within the species of interest, and the second gave us distinct populations in the context of a well-defined related species, S. pneumoniae. BAPS delineated six populations within the S. mitis/S. oralis phylogeny, which correlated well with the branching patterns of the core phylogeny ( fig. 1A ). In the S. mitis/S. oralis clustering, the S. mitis clade separated into two populations, which we designate populations A and B, and the type strain NCTC 12261 falls into population B ( fig. 1) . The S. oralis species clade separated into three clusters corresponding roughly to the subspecies S. oralis subsp. dentisani, S. oralis subsp. tigurinus, and S. oralis/S. oralis subsp. oralis. In the S. mitis/S. oralis/S. pneumoniae clustering, S. mitis formed one population, S. oralis formed two populations, and S. pneumoniae formed one population ( fig. 1B) . The unusual S. oralis was its own population in both, further supporting that this isolate is a different species.
Admixture analysis of the BAPS populations was used to assess the extent of recombination within the remaining putatively nonrecombinant genes of our core-genome alignment. Analysis demonstrated minimal admixture within each population (supplementary fig. S1 , Supplementary Material online), with the majority of isolates in each population exhibiting no evidence of admixture. Most of the admixture we did detect was between populations of the same species, that is, between S. oralis populations or between S. mitis populations, rather than between different species. Restricted gene flow may indicate different niche partitioning of these species, or other incompatibility. The presence of admixture in the core genome, albeit at low levels and in few isolates, suggests that the core genome is largely not subject to recombination.
We next asked whether the BAPS populations within S. mitis and S. oralis are supported as distinct species or subspecies. To answer this, we calculated the patristic distance between the BAPS populations (table 1) in each phylogeny. The distance between each population in the S. mitis/S. oralis phylogeny, roughly corresponding to subspecies designations, ranged from 5.8% to 7.7% (table 1, fig. 1 ). The distance between all population pairs in the S. mitis/S. oralis/S. pneumoniae phylogeny exceeded that of the well-established, distinct, species S. mitis versus S. pneumoniae (5.6%) (table 1, fig. 1 ), adding additional support that each clade is a distinct phylogenetic group. In the S. mitis/S. oralis/S. pneumoniae phylogeny, each of the populations that were delineated in the S. mitis/S. oralis phylogeny but not the S. mitis/S. oralis/S. pneumoniae phylogeny (i.e., S. oralis subsp. tigurinus, S. oralis subsp. oralis, and the two S. mitis populations) had patristic distance values of >5% (table 1) between S. oralis subsp. dentisani and S. oralis subsp. tigurinus (7.1%), and the distance between S. oralis subsp. dentisani and S. oralis/S. oralis subsp. oralis (6.9%), exceed the distance between S. pneumoniae and S. mitis, whereas the distance between S. oralis subsp. tigurinus and S. oralis/S. oralis subsp. oralis (5.3%) is less than the distance between S. pneumoniae and S. mitis. However, all of these values are less than the values between the BAPS-delineated populations, which were 12.5%.
The patristic distance values we obtained, along with the BAPS populations and bootstrap values, support that the S. oralis subsp. dentisani clade is a distinct species, and we suggest adjusting this taxonomic assignment to the previously proposed S. dentisani (Camelo-Castillo et al. 2014) (although for consistency throughout this article we will continue to refer to this clade as S. oralis subsp. dentisani). Although the BAPS populations distinction for S. oralis subsp. tigurinus is lacking in the S. mitis/S. oralis/S. pneumoniae phylogeny, bootstrap values and patristic distance values support that it is a distinct group from the S. oralis/S. oralis subsp. oralis isolates in both of our phylogenies, and therefore we conclude that this group is a subspecies of S. oralis. In addition, our distance calculations support that S. mitis comprised two subspecies, which has not yet been distinguished in taxonomic naming conventions, despite previous reports in the literature (Shelburne et al. 2014) . The distance between these two groups (5.5%) is just below the distance between S. pneumoniae and S. mitis, and for this reason, along with the lack of BAPS support in the S. mitis/S. oralis/S. pneumoniae phylogeny, we have designated the two S. mitis groups as subspecies rather than independent species.
Further, we investigated whether any sample metadata were correlated with the species/subspecies designations, which could indicate biases in taxonomic naming. We pulled data for the following metadata categories from the isolate GenBank files and/or the source publication for the isolates: country of origin, city of origin, isolation source, collection date, host, sequencing instrument, assembler, genome coverage, GenBank entry, complete genome, and submitter organization (supplementary table S1, Supplementary Material online). A matrix of metadata aligned with the core phylogenies showed no clear correlation between any category and the species/subspecies designations (supplementary fig. S2 , Supplementary Material online).
As individual gene phylogenies may vary (Velsko et al. 2018) , we additionally generated a gene consensus phylogeny from the individual gene phylogenies of our core, putatively nonrecombinant gene clusters, to see whether the branching pattern of our core phylogeny is well supported on a gene-by-gene basis. The S. mitis clade and S. oralis clade were well supported and separated based on BAPS population assignments for both the S. oralis/S. mitis and S. oralis/S. mitis/S. parasanguinis/S. pneumoniae phylogenies ( fig. 2) . However, the BAPS population assignments within the S. oralis clade and those within the S. mitis clade are intermixed in the S. oralis/S. mitis phylogeny ( fig. 2A ), whereas they cluster Only the isolates in population 4 corresponding to the S. oralis/S. oralis subsp. oralis population delineated in the S. mitis/S. oralis phylogeny.
c Only the isolates in population 2 corresponding to the S. mitis population 6 delineated in the S. mitis/S. oralis phylogeny. Only the isolates in population 2 corresponding to the S. mitis population 4 delineated in the S. mitis/S. oralis phylogeny.
distinctly in the S. oralis/S. mitis/S. parasanguinis/S. pneumoniae phylogenies ( fig. 2A and B) , although support values for these clades are low ( fig. 2 ). We further found that there are no clear associations between the metadata categories and gene consensus tree branching patterns (supplementary fig.  S3 , Supplementary Material online).
Pan-Genome Content Poorly Discriminates Species/ Subspecies
Several isolates of both S. mitis and S. oralis appear to be misidentified based on their placement in the core phylogeny. We investigated whether pan-genome content could explain species misassignment in S. mitis and S. oralis, which is potentially related to biochemical characterization of these species. A total of 6,610 gene clusters were delineated in the S. mitis/S. oralis clustering, whereas the S. mitis/S. oralis/S. pneumoniae/S. parasanguinis clustering delineated 7,067 total gene clusters. The average number of gene clusters in each species/subspecies group S. mitis/S. oralis clustering ranged from 1,854 to 1,893, whereas the average number in the S. mitis/S. oralis/S. pneumoniae/S. parasanguinis clustering ranged from 1,854 to 2,030 (supplementary We aligned a gene presence/absence matrix with the core phylogenies and gene consensus phylogenies to visualize gene clusters that were associated with the clades. No clear patterns could be discerned within the S. mitis or S. oralis clades ( fig. 3A-D) ; however, there was a clear pattern of gene presence/absence in S. pneumoniae and in S. parasanguinis ( fig. 3C and D) that differed from both S. oralis and S. mitis. Gene content dendograms generated from gene presence/absence matrices clustered the isolates similarly to the core genome ( fig. 4A-C) , and neither the metadata matrix (supplementary fig. S4 , Supplementary Material online) nor the gene presence/absence matrix aligned with these phylogenies revealed any groups of metadata or gene clusters associated with regions of the phylogenies ( fig. 5A and B) other than gene content for S. pneumoniae and S. parasanguinis ( fig. 5B ). These results suggest highly variable gene content within S. mitis and S. oralis that might make biochemical characterization difficult. This appears to be the case according to tables 1 and 3 in the Streptococcus chapter of Bergey's Manual of Systematics of Bacteria and Archaea (Whiley and Hardie 2009) , which details biochemical characteristics of these species. Most of the results are identical between S. mitis and S. oralis, and those that are not are often "variable between strains." The core phylogeny, gene consensus phylogeny, and gene content dendogram for the S. mitis/S. oralis clustering and the S. mitis/S. oralis/S. parasanguinis/S. We next looked for gene clusters that were significantly associated with species designations or with our BAPS populations to check for associations that were not clear in the gene content matrices. We used treeWAS (Collins and Didelot 2018) , which was developed for bacterial genome-wide association studies, where the phenotype we were investigating was either the NCBI-designated species/subspecies name or the BAPS population. There were no gene clusters significantly associated with the NCBI species designations of S. mitis or S. oralis, but there was one gene cluster significantly associated with S. oralis supsp. dentisani in the S. mitis/ S. oralis cluster matrix, and two gene clusters significantly associated with S. oralis subsp. dentisani in the S. mitis/S. oralis/ S. pneumoniae cluster matrix (supplementary table S3 Material online) . These results suggest that identification of species-specific genes may assist with correct species identification of S. oralis subsp. dentisani and S. mitis.
16S rRNA Gene Phylogeny Does Not Follow Core-Genome Phylogeny
Finally, to investigate whether species classification by the 16S rRNA gene grouped any of the species/subspecies distinctly, we generated a phylogeny using the 16S rRNA gene in these isolates. The 16S rRNA gene phylogeny ( fig. 6 ) shows more mixing between S. mitis and S. oralis than the core-genome phylogeny. The branching patterns form distinct clades for S. pneumoniae and S. parasanguinis similar to those seen in the core phylogeny, as well as a distinct S. mitis clade, but the branching patterns of the S. oralis clade are quite different from those of the core phylogeny. The S. oralis subspecies dentisani, oralis, and tigurinus do not form distinct clades, whereas 25 S. mitis isolates are distributed throughout the S. oralis isolates, with a distinct cluster of 12 S. mitis in the middle of the S. oralis isolates. The branching patterns of this phylogeny suggest that the species and subspecies misassignments cannot be attributed to 16S rRNA gene-based identification, with the exception of the highly divergent S. oralis isolate. Although this isolate appears to be S. cristatus based on the core genome, the 16S rRNA gene places it within the S. oralis clade, which likely explains the current species designation. We saw no clear correlations between branching patterns of the 16S rRNA gene phylogeny and any of the isolate metadata categories (supplementary fig. S8 , Supplementary Material online).
Discussion
Species identification of S. mitis and S. oralis by biochemical or specific-gene-based approaches is not always reliable (Kawamura et al. 1995; Kikuchi et al. 1995; Whatmore et al. 2000; Zbinden et al. 2012; . Our whole genome-based approach to clarify the taxonomic relationship between S. mitis and S. oralis, and of the subspecies within S. oralis, has demonstrated that these species can be distinguished based on their core genome, and supports adjustment of species and subspecies designations as well reclassification of several apparently misidentified isolates.
Our data support species/subspecies designations as follows: 1) S. oralis subsp. oralis comprised the currently designated S. oralis no subsp. and S. oralis subsp. oralis, 2) S. oralis subsp. tigurinus, 3) S. dentisani, 4) S. mitis subsp. A, and 5) S. mitis subsp. B. However, the pan-genome content of these species is highly variable, which may account for the difficulty in characterizing isolates biochemically. Different sequencing technologies have inherent biases that may impair comparison of genomes sequenced across different platforms (Kaas et al. 2014 ), but of the ten metadata categories we examined for this study, none appear to be related to taxonomic assignments biases or taxonomic misassignments.
Only one of the eight MLST genes used by Bishop et al. (2009) for classification of mitis streptococci was part of our core putatively nonrecombinant gene cluster list: map (methionine aminopeptidase). Five were found in duplicate in one or more strains (pfl, ppaC, pyk, rpoB, and tuf), and two were missing from a single strain (guaA and sodA), demonstrating that these genes may not be reliable for typing all sequenced isolates. This highlights an issue with noncomplete genomes that likely will continue to grow as more contig-and scaffoldlevel genomes are uploaded to databases such as NCBI without being completed. Namely, that not all MLST-designated genes will be found in all genomes and therefore MLST schemes may not be able to reliably type all genomes. Additionally, our 16S rRNA gene phylogeny shows that species identification by the 16S rRNA gene in the mitis streptococci may lead to taxonomic identification error. The presence of an S. mitis-specific clade in the center of a predominantly S. oralis clade reveals that the phylogenetic signal for this gene does not follow that of the core genome, and it is inappropriate to draw conclusions about phylogenetic relationships of S. mitis and S. oralis using the 16S rRNA gene alone (Velsko et al. 2018) .
The S. mitis B6 genome has numerous insertion sequences, phage remnants, and a full set of competence genes (Denapaite et al. 2016) , suggesting that it has undergone, and has high potential to continue, genetic exchange and rearrangement. It was suggested, however, that S. mitis does not undergo frequent recombination (Kilian et al. 2014) , whereas S. oralis has evidence of substantial recombination (Do et al. 2009 ). The difference may explain the number of apparent species misassignments in the S. oralis clades compared with the S. mitis clade. Furthermore, our data, like that of Do et al. (2009) , do not support that S. mitis is a recent derivative of S. pneumoniae, as has been proposed . Instead, the very short branch lengths of S. pneumoniae and relatively long branch lengths of S. mitis, and placement of the S. peumoniae clade toward the tip of the S. mitis-S. pneumoniae grouping, suggest that S. pneumoniae is a recently emerged and rapidly expanding derivative of S. mitis, whereas S. mitis is an older lineage.
Our gene association tests found that the S. mitis and S. oralis populations defined by BAPS have sets of genes significantly enriched compared with the other populations, so some genes may be species-specific but not universally present in the given species. Despite clear patterns of gene presence/absence in S. pneumoniae and S. parasanguinis, treeWAS did not report any genes significantly associated with these species. Both had fewer isolates in our analyses than S. mitis and S. oralis, and hence we may have lacked statistical power. Small sample numbers could also explain the lack of genes associated with the S. oralis subsp. dentisani and subsp. tigurinus populations, as it has been reported that certain genes are enriched in S. oralis subsp. tigurinus (Diene et al. 2016) . Clinical isolates of S. mitis can be found that contain the S. pneumoniae virulence factors autolysin (lytA) and pneumolysn (ply) (Whatmore et al. 2000) , which highlights the potential of genetic exchange to confound genespecific species identification.
Several studies that examined phylogenetic relationships of the species in the genus Streptococcus using different approaches have presented strong support for independent species designations of S. mitis, S. oralis, and S. pneumoniae (Thompson et al. 2013; Gao et al. 2014; Richards et al. 2014; P ontigo et al. 2015) . If the species assignments of the misassigned isolates identified in this study are corrected, it should be possible to determine core single-copy marker genes that distinguish between S. mitis, S. oralis, and S. pneumoniae. This will improve resolution of metagenome classifiers that use single-copy marker genes, such as MetaPhlAn2 (Segata et al. 2012; Truong et al. 2015) , to distinguish between species and even strains. Such a scheme could also be used to classify new isolates of mitis streptococci by replacing current MLST schemes (Bishop et al. 2009 ). However, it will need to be periodically reviewed and updated as more genomes are sequenced. With rapid advances in long-read sequencing technology such as PacBio, whole-genome sequencing has the potential to become standard practice in clinical laboratories (Rhoads and Au 2015; Ardui et al. 2018) , which would improve the accuracy of taxonomic assignments.
The populations we identified within the mitis streptococci are consistent with previously recognized species and shed light on why these species have historically been difficult to distinguish. A highly variable pan genome, especially within isolates classified as S. oralis, likely contributes to the variation in biochemical characteristics used for classification prior to genetic methods. The core genomes of these species, however, reveal a distinct and well-supported phylogenetic signal. As methods for whole-genome sequencing, assembly, and annotation continue to improve and are widely adopted, particularly in clinical diagnostic laboratories, taxonomic assignment of the mitis streptococci is likely to become more straight-forward. Accurate taxonomic assignment will improve our ability to study the evolution of these species with respect to each other and their human host.
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